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nwarranted variation in clinical practice is considered to be the greatest challenge to recognizing the value of physical therapy services. 1 Existing variation has been identified in the rehabilitation programs for patients following cardiac surgery in many countries, including the USA. [2] [3] [4] [5] [6] [7] [8] [9] Currently, it is common to prescribe early mobilization and upper extremity exercises during the first postoperative days, although the frequency and duration of exercises may vary. 8 Typically, the patients are instructed to adhere to sternal precautions that usually restrict shoulder movements above 90 degrees. 2, 3, 5, [7] [8] [9] Upper extremity activities such as weightlifting, pushing, driving, dressing, mowing, and using assistive devices may also be discouraged by sternal precautions. However, the exact practice of sternal precautions by physical therapists varies significantly across different facilities in both inpatient and outpatient settings. [2] [3] [4] [5] [6] [7] [8] [9] [10] For example, the duration of the restrictions usually varies between 4 and 6 weeks but can be as long as 8 or even 10-12 weeks. 2, 3, 5, [7] [8] [9] Although some facilities have no restrictions on weightlifting, most facilities instruct the patient not to lift certain pounds of weight. However, the weight limit usually varies between 5 and 10 pounds but can be as high as 20 pounds or only limited by patients' pain tolerance.
Currently, cardiac surgery with median sternotomy remains the gold standard of surgical approach for heart disease. 11 Complications associated with cardiac surgery with median sternotomy include myocardial injury, blood loss, atrial fibrillation, pneumonia, memory/ cognitive impairment, subxiphoid incisional hernias, brachial plexus injury, superficial skin infections, and sternal instability/mediastinitis. 3, 12 The risk factors associated with median sternotomy complications are primarily obesity/high body mass index, chronic obstructive pulmonary disease, bilateral internal mammary artery grafting, diabetes mellitus, reoperation for postoperative complications, increased blood loss, higher disability classification, smoking, prolonged cardiopulmonary bypass/surgical time, prolonged mechanical ventilation, peripheral vascular disease, and female gender with large breast size. 3, 13 Sternal precautions are believed to reduce the risk of sternal complications after cardiac surgery with median sternotomy. 3, 14 However, there is no direct evidence indicating that activity level or arm movement increases the risk for sternal complications. 3 Furthermore, to break the sternal wires, the amount of distractive force needs to be between 370 and 430 Newtons. 15 This evidence provides motivation for the current research.
Sternal precautions are believed to be overly restrictive and detrimental to patient recovery. 3, 16 The negative impacts of sternal precautions may not only be physical but also psychological, as patients will lack the opportunity to benefit from physical and psychological effects of an exercise program. 3, 17 Prolonged immobilization can cause joint contracture, 18, 19 and the reduced range of motion is difficult to reverse even with weeks of remobilization. 20 By the end of the first week after cardiac surgery, shoulder pain developed in over one-third of the patients. 21 Two weeks after the surgery, patients experienced limitations or difficulty performing activities of daily living performing, such as opening containers, dressing, and rising from a chair, which was thought to be related to activity restrictions determined by surgeons and psychological factors (fear of activity) of patients. 22 Consequences of cardiac surgery included adjustment disorder with depressed features, posttraumatic stress disorder, major depression, and clinically relevant cognitive deficits. 23 In addition, greater preoperative psychological factors (depression) symptoms were found to be associated with a longer hospital stay following cardiac surgery. 24 Although not limited only to patients after cardiac surgery, patients with coronary artery disease and also depression were found unlikely to return to work. 25 Mental disorders in patients with coronary artery disease were found to be associated with increased health care utilization and increased health care costs. 26 Immobilization from sternal precautions is likely to be associated with these problems. 3, [27] [28] [29] It has been advocated to minimize unwarranted variation by creating and using evidence-based patterns of care. 1 Currently, there is a lack of scientific evidence on the necessity of sternal precautions for a universally accepted guideline. Prospective randomized clinical trials may not be appropriate, partly due to ethical concerns. Extensive biomechanical research may be necessary to provide a foundation for future clinical research. However, directly measuring the mechanical loading experienced by the bony structures, namely sternum, clavicles, and scapula, is invasive and may not be necessary, assuming that the mechanical loading experienced by the bony structures is partially correlated with the deformation of the overlying skin.
Under the assumption of the correlation between the mechanical loading experienced by the bony structures and the biomechanical status of the overlying skin, researchers have investigated the effects of the restricted movements and activities on the deformation of the sternal skin. [30] [31] [32] [33] [34] These studies provide new insights into the necessity of the practice of sternal precautions to minimize unwarranted variation in the rehabilitation programs for patients following cardiac surgery. However, their methodology for measuring skin deformation using a piezoelectric force transducer or a commercial laser Doppler flow probe positioned might be technically problematic. 35 The approach is subject to the ceiling effect, confounding factors with the measurement, and difficulty in interpreting the data. Moreover, it lacks directional information. In other words, it can determine the absolute change in the quantity but it cannot detect if the skin is stretched or shrunk, which is very important in assessing if the mechanical loading at the bony structure is distractive or compressive. Part of the rationale for sternal precautions is the concern that distractive force from the shoulder may pull the sternum apart. Finally, the previous studies did not measure muscle strength of scapular stabilizers, which may be important for designing preoperative rehabilitation programs.
To overcome these issues, we previously developed a methodology to measure sternal skin deformation non-invasively during shoulder movements and upper extremity activities through the use of a 3D electromagnetic tracking system. 35, 36 We found that most of the restricted shoulder movements and upper extremities we studied were compressive rather than distractive at the sternum. However, the weight of the electromagnetic sensors attached to the skin in our experiment might potentially alter the biomechanical status of the skin and confound the results. A noncontact method to measure skin deformation might be beneficial to further examine the biomechanical status caused by the restricted shoulder movements and upper extremity activities. The purpose of the current research project was to determine the deformation of sternal skin during shoulder movements and upper extremity activities using a noncontact approach.
Methods

Subjects
Using flyers posted on bulletin boards around campus and word of mouth, all subjects were recruited on the university campus using convenience sampling. Inclusion criteria included normal shoulder active range of motion (AROM), ability to lift 10 pounds overhead with their dominant arm, and ability to lie prone. Exclusion criteria included previous sternotomy/shoulder pathology, including but not limited to adhesive capsulitis, rotator cuff tear, and fracture obstructing normal upper extremity range of motion. Ethics approval for this study was sought and obtained from the Institutional Review Board at Youngstown State University.
Procedure
The study design was a cross-sectional, nonexperimental observational study. Two black dots were marked on the skin overlying sternoclavicular joints using an erasable marker. Sternoclavicular joints were identified by tracing the clavicle medially. Subjects were verbally instructed and given a demonstration by the investigator of each movement to be performed. Shoulder movements included bilateral shoulder flexion at 90 and 180 degrees, bilateral shoulder abduction at 90 and 180 degrees, and bilateral shoulder extension to end range. No shoulder external or internal rotation was performed during flexion and abduction. Upper extremity activities included lifting (0-, 5-, or 10-lb) weights overhead unilaterally using shoulder scaption to the end range at the dominant-hand side and pushing up from a chair during independent sit-to-stand transfer. When performing weightlifting, the initial position was both arms on either side of the body, and the end position was the lifting shoulder in 180-degree scaption. For pushing up from the chair, the initial position was both hands in the armrest in "get ready to push up" position without pushing up. The difference between the initial position and the end position was the amount of force of pushing (from 0 to the body weight minus ground reaction force from the feet). Pictures of each movement and activity can be found in the reference. 35 The coordinates of the 2 black dots were recorded using a digital camera and obtained using the public-domain, Java-based image processing program ImageJ (1.48v, National Institute of Health, US) to quantify skin deformation. All measurements for the same subject were completed in the same session within 10 minutes. The calculation of the strain is robust and the absolute distance between the two joints is not very important. We only need to calculate the percent of the change in the distance.
Rhomboid muscles were selected as the representative scapular stabilizing muscles for measuring feasibility. The subjects assumed the rhomboid muscle strength testing position in prone on a testing table with their dominant hand positioned palm up near their lower back feasibility. 37 Subjects were instructed to lift their hand upward off their back and to hold it there while resisting the opposing downward force of the investigator through a digital dynamometer (Lafayette Manual Muscle Tester, Model 0,1163, Lafayette Instrument Company, Lafayette, Indiana, US) positioned inferior to the elbow. Three trials were performed, and the average of the force measured at the digital dynamometer was used for data analysis.
Data Analysis
Skin deformation was quantified as skin strain, the change in the distance between the 2 black dots in percentage. Skin strain for each shoulder movement and upper extremity was calculated and averaged. The mean strain for all subjects was calculated as descriptive analysis. A strain with a positive value indicates that the distance between the 2 black dots increases and the skin is stretched or expanded, and a strain with a negative value indicates that the distance between the 2 black dots decreases and the skin is compressed or shrunk. Paired t test was used to determine the statistical significance of the difference between the skin strains for shoulder flexion at 90 and 180 degrees, and between the skin strains for shoulder abduction at 90 and 180 degrees, respectively. Repeated measures analysis of variance (ANOVA) was used to determine the statistical significance of the difference among lifting the 0-, 5-, and 10-lb weights. Pearson correlation was used to determine the statistical significance of the correlation between rhomboid strength and skin strain for lifting the 10-lb weight. A P value of .05 was used to determine statistical significance.
Results
Thirty subjects, 20 females and 10 males, aged 24.4 (SD = 1.9) years old, were recruited on the university campus. The Table shows the mean distance between the 2 black dots by the number of pixels with 95% confidence intervals. Descriptive analysis indicated that the skin deformation was negative for flexion, abduction, lifting, and pushing up from a chair except for the bilateral 90-degree abduction and positive for the bilateral extension. The sternal skin strain was -15.3% (SD = 5.6) and -12.0% (SD = 7.0) at 90 and 180 degrees of flexion, respectively (Fig. 1 ). There was a statistically significant difference between the strain at 90 and 180 degrees of flexion (P = .046). The sternal skin strain was 0.0% (SD = 0.0) and -12.8% (SD = 5.8) at 90 and 180 degrees of abduction, respectively (Fig. 2) . There was a significant difference between the strain at 90 and 180 degrees of abduction (P < .01). The sternal skin strain was -6.4% (SD = 2.8), -8.9% (SD = 3.8), and -9.8% (SD = 4.6) when lifting the 0-, 5-, and 10-lb weights, respectively (Fig. 3 ). There was a significant difference among the strain for lifting the 0-, 5-, and 10-lb weights (P = .002). The sternal skin strain for extension was 7.9% (SD = 3.9) (range = -2.4% to 17.5%). The sternal skin strain for pushing up from a chair was 2.5% (SD = 5.8) (range = -19.4 to 8.2%). Also similar to our previous study, 35, 36 there was a trend of strain magnitude decrease with the increase of rhomboid strength. However, the linear regression between rhomboid strength and sternal skin strain for lifting the 10-lb weight demonstrated little or no relationship between them (R = 0.12) (Fig. 4) . The negative sign here means the strain was compressive. There was a less compressive strain in magnitude on the sternum with pushing up from the chair compared to most movements.
Discussion
The skin deformation around the sternum was negative (hence compressive) or 0 for flexion, abduction, lifting, and pushing from a chair but positive (hence distractive) for extension to the end range. There was a statistically significant difference between the skin deformation for shoulder flexion at 90 and 180 degrees, shoulder abduction at 90 and 180 degrees, and the amounts of weight lifted (0, 5, and 10 pounds). Similar to our previous study, 35, 36 our data based on noncontact approach do not support the restriction for most of the shoulder movements and upper extremity activities. The only movement requiring attention was bilateral shoulder extension to the end range, which did cause distractive skin deformation. However, shoulder extension to the end range is not very important for activities of daily living compared to shoulder flexion and extension. In addition, stabilizing scapular muscles could be integrated into preoperative physical therapist intervention, although we did not find a significant difference in the correlation between rhomboid muscle strength and skin deformation. Nevertheless, the noncontact approach has the potential advantage of measuring skin deformation in the entire area of interest.
The data provide information for understanding and reassessing the necessity of sternal precautions and physical therapist intervention during not only preoperative but also postoperative cardiac rehabilitation. Our findings contradict the practice of sternal precautions that restrict patients from raising arms overhead and lifting weights. These arm movements are not likely to cause sternal dehiscence. In fact, our data demonstrate that heavier weights cause more compressive loading to the sternum, which contradicts the weightlifting limit of sternal precautions. Similarly, for shoulder abduction, raising the arms to 180 degrees causes more compressive loading compared to 90 degrees, which contradicts overhead movements limited by sternal precautions. For shoulder flexion, raising the arms to 180 degrees still causes compressive loading, although not as much compared to 90 degrees, and it similarly contradicts sternal precautions. Minimizing or eliminating sternal precautions may positively impact patient physically and mentally so as to decrease pain, increase the range of motion, and improve patient function in a shorter period of rehabilitation time. Ultimately, it may reduce health care cost for the society. Further, although our findings are inconclusive, it is believed that a stabilized scapula can absorb more mechanical disturbance from the humerus and decrease the mechanical loading to the clavicle-sternum complex. Hence, strengthening scapula stabilization muscle group including the rhomboid muscles is very important for cardiac rehabilitation both preoperatively and postoperatively.
The compressive skin deformation during upper extremity elevation may be explained by our understanding that arm elevation is accompanied by superior rotation of the scapula, which causes a compressive force to the clavicle-sternum complex toward the midline. 38 In addition, when the arm is elevated over 90 degrees, the force from the humerus to the scapula is toward the scapula and pushes the clavicle-sternum complex toward the midline. 35 It is arguable that the compressive forces during shoulder movements and upper extremity activities can also be problematic and impact alignment and healing. As the sternum is fixed by metal wires, the compressive forces toward midline are unlikely to break the wires and impact alignment. It has been demonstrated in animal models that compressive loading had a superior effect on callus formation and exhibited improved healing in terms of mechanical strength and stiffness compared to distractive loading. 39, 40 If that holds true for the human sternum, sternal precautions would be considered detrimental to the healing process by removing the beneficial mechanical environment from compressive loading during shoulder movements and upper extremity activities.
Our study had a few limitations such as convenience sampling and the small sample size limited by our available resources. The convenience sampling significantly impacts the generalizability of the results. The subjects were all young, healthy volunteers, and the sample lacks diversity. Patients who need cardiac surgery are usually older adults whose skin property may be different from younger individuals. Additional research with a larger sample and a more diversified population is required before a more definitive conclusion can be drawn. Further, our methodology is primarily based on an assumption that the mechanical loading experienced by the bony structures is partially correlated with the deformation of the overlying skin. The assumption is primarily based on our understanding of anatomy and biomechanical analysis. Although cutaneous markers have been used to measure underlying bony movement, [41] [42] [43] there is no data available on the association between skin deformation and mechanical force at the sternum. Future research on determining the sensitivity of skin deformation in measuring mechanical force at the sternum is necessary to support the significance of the current research and to determine the safety threshold.
Another limitation of the current study is that we only measured skin deformation between two points in the skin overlying the sternoclavicular joints and did not measure the entire sternal area. That may have left out important information about the safety of arm movements for reconsidering the practice of sternal precautions, as arms are also indirectly connected to the entire length of sternum through the sternocostal part of the pectoralis major muscle, which may passively or actively pull the sternum laterally during certain arm movements. In fact, 7.7% of the population presented with focal defect or notch in the lower one-third of the body of sternum under multidetector computed tomography (CT). 44 Together with lesser blood supply, the defect may explain the clinical observation that partial separation of the sternum usually happens at the lower third of the sternum. 12, 45, 46 However, because the ribs provide a compressive force against the distractive force from the pectoralis major muscle, it is unlikely that arm movements can cause sufficient distractive force to pull the sternum part through the pectoralis major muscle. The normal bucket handle movements of ribs during respiration add to the complexity of its stabilization role. Therefore, measuring the skin deformation of the entire sternal area could have provided a comprehensive understanding of the mechanical loading of the sternum during arm movements. We recognize this limitation of the current research. Future research will measure the deformation of the entire sternal area, especially the skin overlying the lower third of the sternum.
The results provide a novel biomechanical view compared to that of the literature based on a contact approach using a piezoelectric force transducer or a laser Doppler flow probe. [30] [31] [32] [33] [34] Our noncontact approach was able to identify if the skin deformation is compressive or distractive, which provided new insights. We only found that bilateral shoulder extension to the end range caused distractive skin deformation and carried more risks than shoulder flexion and abduction, which caused compressive skin deformation, but Irion et al found that flexion and abduction carry more risks. 32 Furthermore, Irion et al found a significant difference in sternal skin "stress" (not to be confused with the soft tissue biomechanics terminology) for lifting different weights. 33 Our results were similar and a statistically significant difference for Pearson correlation between rhomboid muscle strength and skin deformation for lifting a 10-lb weight.
lifting different weights was found. However, more weights provided more compressive skin deformation, not a distractive disturbance, which supports the conclusion of other researchers that no evidence was found to support weight limitation. 27 Last but not the least, our findings of bilateral shoulder extension were consistent with the recommendations by other researchers of avoiding bilateral shoulder extension. 27 It is notable that physical therapists in Australia are leading a two-center randomized controlled trial, the Sternal Management Accelerated Recovery Trial (S.M.A.R.T.), to investigate whether modifying sternal precautions to include the safe use of arms and trunk impacts physical function and recovery for patients following cardiac surgery with median sternotomy. 28 In the US, an alternative approach to prescribing sternal precautions after median sternotomy, "Keep Your Move in the Tube," has been implemented and no sternal dehiscence due to movement has been reported in a 2-year period. 12, 47 It has been promoted that patient-specific sternal precautions focusing on function and patient characteristics may be more likely to facilitate recovery after cardiac surgery with median sternotomy. 3 The noncontact measurement of the deformation of sternal skin in this study may provide individualized information about a specific patient to design such patient-specific sternal precautions in the future.
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